

















itwas found thatUV is an important energy to triggerO3 chemical and photochemical (C&P) reactions in the
atmosphere,and1hourisasuitabletimeforUVenergytransferandutilization.Theimportantrolesofmainfactors
toO3inclearandallskieswereinvestigatedandNOtermwasfoundtobemoreimportantthanNO2termforthe
contribution toO3.Direct and indirectUV energy (including chemical energy)utilizationbyNO,NO2, andother
constituents in the atmosphere control the formation and destruction of O3. The photochemical term is an
























TroposphericO3 isacriticalconstituent intheatmosphere. It
is also a key precursor for the hydroxyl radical (OH)which is an
oxidant controlling theoxidizing capacityof the atmosphere and
the lifetimeofmanygases.BecauseO3absorbs inthesolarultraͲ
violetandinfraredspectrumaswellasintheterrestrialinfrared,it
also contributes to the energy budget of the atmosphere
(Kentarchosetal.,2001).TroposphericO3hastwomajorsources,
stratospheric intrusions and photochemical production (Crutzen,
1988). The relative contributions of these two sources vary in
terrestrial and marine areas. In populated regions, the tropoͲ
sphericO3budget isdominatedbyphotochemicalproductionand
destruction (P&D) (Ayers et al., 1992; Kentarchos et al., 2001;
Varotsos et al., 2001). In situ photochemistry, rather than
transport, is the major cause of the seasonal O3 cycle in the
atmospheric boundary layer. During daytime, photochemical
processesmainlycontroltheO3P&D [chemicalcouplingwithNO,
NO2 (andwithHO2 radical,organicperoxy radicals (RO2),volatile
organic compounds (VOCs),and soon].O3P&Dby chemicaland
photochemical(C&P)processesinthetropospherecanoccurover
large distances and time scales (Kondratyev et al., 2001a;




values, as a result of anthropogenic emissions ofNOX (Volz and
Kley,1988;CartalisandVarotsos,1994),mostnotablyinEastAsia,
due to the continued rapid increase ofNOX emissions from East




uncertainties in kinetics and other variables may be assessed.
However,thechemistryoforganiccompoundsgenerallycannotbe
assessed. For example, there is little data available on the
chemistryofcompoundswithcarbonnumbersgreaterthan3or4,
andmost of the chemistry of those compounds is based upon
extrapolating experimental studies of the reactions of lower
molecularweightcompounds(WMO,1998).Inaddition,thereare
manyproblemsrelatedtoradiativetransfermodel,suchashowto
quantitatively describe the roles of clouds and aerosols. Then, it
may be another practical and reasonable way to explore the
complexO3C&Pprocessesbyestablishinganenergy relationship
ordistributionbetweenO3 and itsdependenceonmajor factors
based on the point of view of UV energy conservation and




avoids describing thousands of complicated C&P reactions
including those that are not well understood until now. Some
issuesrelatedtoenergymethodindealingwithO3C&Pprocesses
werediscussed inmoredetailand theresponsesofsurfaceO3to









Biosphere Reserve (DBR) (23°10ƍN㸪112°32ƍE, altitude, 38m),
Guangdong province; Institute of Atmospheric Physics, Chinese
AcademyofSciences(IAP,CAS)(39°58ƍN,116°22ƍE,altitude,50m),
Beijingcity;andMohecounty(52°59ƍN,122°33ƍE,altitude,430m),
Heilongjiang province (Figure 1). These sites represent tropical
forest, boreal city and boreal rural in China, respectively. The










with the wavelength of 290–3200, 400–3200, 700–3200 nm
(ModelTBQ–2, Jinzhou322 Institute,China),290–400nm (TUVR,
Eppley),solardirectradiation(ModelTBS–2,Jinzhou322Institute).
2)Solarradiationrecorder,modelRYJ–2havingapercentrelative
standard deviation (% RSD) of ±5%.Air temperature, cloudiness,
andweather conditionswere observed hourly (Bai et al., 2005).
AroundtheobservationsiteofBeijing,therewerebuildings,grass
andasmallriver,andtheheightofsamplerswas47mabovethe
ground.During theobservationperiod atMohe, thegroundwas
coveredbysnow,andtheheightofradiationandgassamplerswas



































































In clear and free atmosphere, it holds around ̴=1, but it is not
always equal to unity in urban and rural areas,where there are
large differences of ̴ from unity (Leighton, 1961; Calvert and
Stockwell, 1983). Many other factors may control the C&P
processes ofO3withNO andNO2, such asHO2 radical andRO2,
otheroxidants,andsomemissingoxidants(CalvertandStockwell,
1983; Hauglustaine et al., 1996). The assumption of
photostationary state is an ideal condition, and must be used




(Leighton, 1961; Frost et al., 1998), (2)many homogeneous and
heterogeneousreactionsofthegases,watervapor,andaerosolsin
theatmosphere,and (3)availableUVenergy forC&Preactions in
actualatmosphere.Inthispaper,energymethodisusedtoprocess
themicrocosmicprocessesofO3P&D,i.e.,UVconservationandits
applications at three sites under different skies are fully









The photochemical processes of surface O3 are driven by




expressedby (݁ି௞೔௡೔௠)andcalledNO,NO2andO3 term, respectͲ
tively, ki (i=1,2,3) are averaged attenuation/absorption coeffiͲ
cients ofNO,NO2 andO3 in theUV band, respectively (Gushin,
1963;Schneideretal.,1987;Baietal.,2005).Inordertodescribe
theenergyroleofNOinC&PprocesseswithO3,NO2,OHradicals,




(2) Total UV energy consumption by all substances in the
atmosphereisexpressedby(ܣ݁ି௞ర௪௠)(photochemicalterm),k4is
themeanabsorptioncoefficientofwatervapor inthewavelength
range of 0.70–2.845ʅm, w (water vapor content in the whole
atmosphericcolumn)iscalculatedfromempiricalformulabywater
vapor pressure (e) at the ground (i.e. w=0.21e; the average




participating in C&P reactions. This part also includes chemical
energy converted from UV energy absorption by the absorbers,
whichprovided for thesechemical reactions indaytime.Todate,
no other calculating methods can be selected for this term.
Therefore,thisempiricalmethodwasused.

OH is an active radical and an important agent of energy
transmission and exchange in the atmosphere (Bai et al., 2005).
Whenmoleculesorsubstances(suchasO3,NO2,NO,SO2,CO,and




can be objectively determined by analyzing field experimental




reactions in theatmosphere, it is impossible toestimate totalUV
absorptionby all substances takingpart inC&P reactionsby the
presentanalyticalmethod.Energyconservation,however,maybe
used todescribe complicatedO3photochemistry. It isa fact that
the ratio of UV to solar global radiation (Quv/Q) arriving at the
ground isbasically constant, about 5.5%±0.4% at 8 stationsover





absorption by water vapor, A is a constant and derived from
analyzing fieldexperimentaldata. (eͲk4wm ൌ1ͲѐS/(I0cosZ)) (Baiet
al., 2005), ѐS is the absorption of solar shortwave radiation by
watervapor.So,thephotochemicaltermcanbecalculated.When
NOwasconsidered in(1), itsenergyrolewouldbetakenoutand
notconsidered in this term.Theiractual rolesand interactions in




gasmolecules, aerosols, clouds, and the Earth’s surface) in the
atmosphere, which is expressed by (eͲS/D) and called scattering
term, where S and D are solar scattered and direct radiations,
respectively. Scattering factor S/D can objectively express
scatteringenergyofUVbyallsubstances(gases, liquids,solids) in
the atmosphere. S andD are radiations inbroadwaveband, and
they include the informationof scatteringanddirect radiation in
UV band, so, S/D contains total scattering information of all
materials in UV band. Their specific contributions can be




Considering the complexity of O3 C&P system, energy
conservation isanobjectiveandpracticalmethod,and theactual
roles/energy distributions of all parameters in the changing
atmospherewouldbequantifiedbytheircoefficients.

LambertͲBeer’s law describes monochromatic radiation and
eachmaterial is independent.But, in theactualatmosphereand
UVband,thegasesofO3,NO,NO2,andVOCsarenotindependent,
or,theyreactwitheachother inC&Preactions.Inaddition,there
are numerous heterogeneous reactions on different aerosols
surfaces.Therefore,LambertͲBeer’slawmaynotberepresentative
for theactualatmosphericconditions.Forasinglematerial inUV
band, itwasassumed toobey LambertͲBeer’s lawand itsenergy




are interacted throughdifferentphysical, chemicalandbiological
processes (suchasnumerousbiogenicVOCsemissions,andVOCs
can take part in O3 C&P processes), the feasible way is to
determine their actual relationships by analyzing experimental
datasetsandusingmultipleregressionmodels.Allcoefficientscan





ƍe mnk 11 +A2ƍe mnk 22 +A3ƍe mnk 33 +…+A4ƍe wmk4 +A5ƍe DS / +A0ƍ (9)
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absorb UV energy indirectly (when they take part in the C&P
reactions, includinghomogeneous andheterogeneous reactions),
theirabsorption role inO3 chemistryandphotochemistrywillbe
included in (A4݁ି௞ర௪௠),andtheirscatteringrolecanbe included
















(2) each exponent term shouldbe less than 1. Thus, in practical
calculations, NO, NO2 and O3 items in Equation (10) were
normalized individuallybydividing kinim (i=1,2,3)by 1, 10 and
100,respectively.Inrealatmosphere,UVattenuationofNO2,O3at
different locations is closer, whereas UV attenuations of
photochemical term, scattering term at different locations are
different,whichcanbeseenfromthedataanalysisthatAi(i=1,2,
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3)were almost the same, and Ai (i=4,5)were a little different
underclearandactual skies inDBR. It implies that theprocesses
relatedtoO3,NO,NO2intheatmospherearealmostthesameand
the others are different under different skies and at different
locations (because the species and concentrations of gases,
aerosols and their physical, C&P processes are different),which
properlyreflectstheactualandchangingatmosphere.

Equation (10) was the best expression for the relationship
between allparameters, such asbetweenQuv and k1n1m, k2n2m,
k3n3m, k4wm, S/D,Quv and n1, n2, n3,w, S/D, ln(Quv) and k1n1m,
k2n2m, k3n3m, k4wm, S/D. The relationship between ln(Quv) and
k1n1m,k2n2m,k3n3m,k4wm,S/D(whichisthetransformationform
of LambertͲBeer’s law)wasnot thebest,because it isnot suited
for the actual atmospheric conditions, i.e., most gases are not
independent,suchasmostabsorptionspectrumsareoverlapped.
The real form obeyed LambertͲBeer’s law should be ln(Quv/Quv0)
and k1n1m, k2n2m, k3n3m, k4wm, S/D, Quv0 is the UV radiation
outside theatmosphere, ln(Quv0)canbeconsideredasaconstant
andmergedintotheconstantterm.Bydataanalysis,Equation(10)












the model equation, instead of the actual value for each
wavelength in the UVͲregion, the measurement of O3 and
empirically statisticalmethod based on energy conservation can
ensuretheleasterrorforO3estimation.







on statisticalanalysisonmonthlyaveragesobserved inBeijing in
1990, a similar equation as (10) was determined. In clear sky
(N<3/10)andallsky (N is from0 to10/10), the relativebiasesof
calculated and observed QUV, the fractional bias (FB), the
normalizedmean square error (NMSE) (Chang andHanna, 2004;
Chang and Hanna, 2005) are given in Table 2 for considering
differentterms:(1)onlyO3term,(2)O3andphotochemicalterms,
(3)threeterms.RvaluebetweenQUVanddifferentfactorsandthe
standard errors are also given in Table 2. The maximum and
averaged relative biases (ߜ௠௔௫ǡ ߜҧ), and NMSE were decreased
evidentlywhenphotochemicaltermwasaddedinUVcalculationin
clear and all skies. Water or water vapor does not have UV





this condition) in thewhole atmospheric column. It also implies
that thephotochemical term canwell represent totalUVenergy
absorptionbyallsubstancesunderdifferentskies,which includes
directspectralabsorptionsthatarenotconsidered intheformula
and the other absorptions and utilizations (probably, itmay be
called“indirectabsorption”)ofUV intheatmosphere. Indetail, it
also includes these chemical energies converted from UV
absorption in daytime. It should be pointed out that O3,
photochemical and scattering parameters express the whole
atmosphericcolumnunderthiscondition.




(1) (2) (3) (1) (2) (3)
maximum 13.10 8.02 8.78 16.55 8.05 6.89
minimum 0.19 0.09 0.15 0.91 0.73 0.76
average 5.83 3.79 3.62 4.77 3.35 3.02
R 0.933 0.970 0.973 0.960 0.984 0.987
ʍ 0.100 0.071 0.072 0.063 0.042 0.040
FB Ͳ0.0013 Ͳ0.0006 Ͳ3.36x10Ͳ16 0 Ͳ0.0008 Ͳ2.14x10Ͳ16




is concerned, the main objective will be changed, i.e., when
experimental data of surface O3, NO, NO2, whole column
photochemical and scattering terms were used, UV energy
distributes in:(1)thenearsurface layerrelatedtoO3,NO,NO2, it
wasassumedthattherelativeairmassinthenearsurfacelayeris
the same as m, because it is a relative air mass. Their diurnal
variations were similar, when the height of planetary boundary
layer(PBL)changesduringdaytime,(2)wholeatmosphericcolumn
related toall substancesapart from (1),becauseOH radicals can
take part in almost all atmospheric reactions, and (3) scattering
energy by all substances in the whole column. Because of the
ability of daily convective motion, field experimental data of
surface O3, NO, NO2 can represent the conditions near surface





The photochemical term can represent almost total energy
absorptionbyall substances [apart from (1),as itwas takenout
from this term to study their roles clearly] in the whole
atmosphericcolumn,becausethewholecolumnparameterswere
used in this term. During the processes of formation and
destruction (or quenching) of O(1D) and OH radicals in the
atmosphere,UVenergywillbeabsorbed, transferredandutilized
byO3,NO2,VOCs,andH2O,thentheenergydistributions inthese
substances will be determined quantitatively by analyzing the
experimental dataset. According to above discussions, the roles
surfaceO3,NOandNO2playnearthesurfacelayerweredescribed
inpart (1), the rolesofO3andNO2play in the stratosphere,and
other materials play in the whole atmosphere (i.e. in the
troposphere and stratosphere) were described in part (2), all
scatteringrolesbyallmaterialsintheatmospherewasdescribedin
part(3).ThoughtherewaslargedifferenceinO3concentrationand
mechanism in the troposphere and stratosphere (Schulz et al.,
2001), their roles were described and would be determined by
their coefficients in part (1) and part (2), respectively. In other
words,themainrolesofO3,NO,andNO2playinsurfacelayerand
in stratosphere were quantitatively expressed in energy,
respectively,nomatterhowlargetheirdifferenceswere.WhenUV









studied region were quantified in the empirical model simultaͲ
neously.So, theenergy relationshipEquation (10)determinedby
experimentaldataset isalsoadynamic regulation,whichactually
expresses their dynamic interrelations in O3 C&P reactions.
Generally,Equation (10) is thebestexpressionofO3C&P system
found by analyzing longͲterm time series dataset until now. By
analyzing and testing measured dataset, it was concluded that
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Equation (10) was better than the form of LambertͲBeer’s law,
which indicated that thepointof viewofenergy canbeused to
study O3 C&P system, and LambertͲBeer law may need to be
developedfortheapplicationinactualatmosphere.

It is one advantage of empiricalmethod to grasp themain
physicalandchemicalprocesses,expresstheirenergyroles inthe
atmosphere andmake the actual roles of allmain factors to be
quantified statistically. Any attention on so complicated and
detailedprocessesinO3C&Preactionsneednotbepaid.

IfVOCsspecific role isneeded tobestudied, its termshould
be moved out from photochemical term and appeared in the
formula. Once VOCs dataset can be obtained in the future and
muchmorewell defined environments can also be selected for
accurate investigations, then,otherO3mechanism takingplace in
thetropospherewouldbeinvestigatedbyasimilarmethod,anda
moreclearandaccurateUVdistributionandutilization in theO3Ͳ





The relationship between O3 and its factors in clear sky is
studied first. In this paper, all discussions of O3 issues are in
daytime, and scattering termwas changed from (eͲS/D) to (eͲS/Q).
The gas concentration is hourly average in ppb, and the solar
radiationishourlyexposureinMJmͲ2.

By statistical analysis of DBR dataset in 1998, the formula
similar to (11) for 113 hourly data between O3 term and other
terms was obtained, their correlation coefficient was R=0.966,
and the important factorsaffectingO3 termwereNO,NO2, then
photoͲchemical,andUVandscatteringterm,as indicatedbytheir
FͲtest results (Bai et al., 2005). So, the atmospheric substances
whichutilizeUVenergydirectlyand indirectlyaremainaffecting
factors,andUVconsumptionbyallsubstancesinO3C&Preactions
is an important energy chain. Good results of hourly O3 were







VariationofO3,NO,NO2,UV and aerosolswere affectedby
cloudsinallsky.Anychangesofmeteorologicalconditionsandrain
oftenresultintheirevidentchanges.Hourlydatainallskyin1998
were also analyzed, and a formula similar to (11)was obtained
(R=0.91), and the order that affecting O3 term is NO, NO2,
photochemical, scattering,andUV terms.Good resultswerealso




when comparing solar radiation 1 hour earlier than the other
parameters, compared to those 1 hour later and synchronous
dataset. This implies that UV is a triggering energy for O3 C&P
processesinactualatmosphere,and1hourisanappropriatetime
scale for UV transfer and utilization. Then, all hourly datawere
dealtwithbythismethod.Forbothskyconditions,UVutilizationin






analyzed, and good results were obtained (ߜഥ =4.7%, FB=0,
NMSE=0.0032). The order of terms affectingO3 is the same as
hourlyvaluesinclearsky(Baietal.,2005).Therearedifferencesin
all kinds of physical and chemical processes in the atmosphere
between hourlyͲvalues and dailyͲvalues. The treatment of daily
averages will smooth some specific processes related to O3








some additional factors affecting O3 C&P processes should be
considered, and O3 chemistry and photochemistry at different
regions displays different characteristics, including the different
atmospheric constituents (i.e., VOCs, black carbon) and their
homogeneous and heterogeneous atmospheric reactions. The
observed and calculateddailyO3 and their relativebias,NO and
NO2,andscatteredplotareshowninFigure2.Thecalculateddaily
averagesalsoagreedwellwiththoseobserved,themaximumand
minimum relative biases (ߜ௠௔௫ǡ ߜ௠௜௡) were 12.8% and 0.1%,
respectively, and ߜഥ =3.9%, FB=0.0010, NMSE=0.0036. Though
the levelofNOandNO2wasdifferent inDBRandBeijing.There
weregoodrelationshipsbetweenO3and itsaffectingfactors,and
the ߜ௠௔௫ǡ ߜ௠௜௡ and ߜഥ  valueswere basically close.ObservedNO
concentrations lower than NO2 concentrations (Figure 2b) were
mainly due to the conversion of NO to NO2 by VOCs and OH






DBR (ߜഥ =6.7%). The order of terms affecting O3 is NO, NO2,
scattering,photochemicalandUVterms(Baietal.,2005).





UV absorption/utilization by NO, NOX and O3 are the primarily
importantforO3P&D.Comparedtodailyaveragesinclearsky,the
orderofscatteringtermmovesaheadofphotochemicaltermand
UV term in all sky indicated that aerosols or heterogeneous
processes play more important roles in all sky than clear sky
becausemuchUVenergywasattenuatedbyaerosolsandclouds.
AsUVenergyattenuatedbyaerosols in clear sky is the smallest,
theorderofscatteringterm fordailyaverages isthe last.Forthe




some term’sorder is reasonableand reflects thepractical roleof
theseterms.However,themainorderremainsthesameindicating
that the key physical and chemical processes are basically the





factorsaffectingO3werenot included in theequation.Thedaily
averageswerecalculatedbythesimilarmethod,andgoodresults
were obtained (Figure 4) (ߜ௠௔௫=15.6%, ߜ௠௜௡=3.5%, ߜҧ=9.0%,
FB=0.0092,NMSE=0.0084).TherewerenotbigdifferencesinO3





from July toDecember, the recalculated resultsareas follows:R
betweenO3anditsfactorswere0.71and0.85for113hourlyand
20 daily O3 in clear skies, respectively. ߜҧ=21.3% and
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ߜ௠௔௫=91.3%, FB=Ͳ0.0002, NMSE=0.0445 for hourly O3. The
ratiosofrelativebiasesin113dataatdifferentintervalsareshown
inTable3.Eightysixpercentofߜiswithin40%.Aroundtheearly
morningand the lateeveningߜ>70%,O3wasusually lowerand
not important for O3 photochemistry around this time period.
Thus, thismethodcanwell representO3 in thecase thatNOand
NO2 are not included in the formula. Some results show that
concentrations of tropospheric O3 are more than a factor of 2
lower formanyof themodels (Parket al.,1999).WhenNO and
NO2werenot included inEquation (11) forDBR (and forMohe),
therecalculatedO3alsoagreedwellwithobserved.Thisisbecause
that photochemical term and scattering term include most
importantrolesofUVabsorptionandscatteringbyallsubstances
(including NO and NO2 under this condition) after energy
relationshipbetweenO3 term andphotochemical, scattering and











Figure 2. (a) The observed and calculated concentrations ofO3 and their
relative biases at Beijing fromOctober 14 toNovember 4, 1998, (b) The









Figure3. (a)Theobservedand calculatedO3concentrationsatDBR inall
skiesfromJulytoDecember,1998,(b)Therelativebiasesbetweenobserved





ofNOX),Beijing (high levelofNOX)andMohe,good relationships
betweenO3anditsaffectingfactorswereobtained.

There was a high correlation between O3 and NO2/NO,
R=0.91 and 0.93 for hourly and daily averages in clear sky,
R=0.91 and 0.79 for hourly and daily averages in all sky,
respectively.Whereas,intheanalysisofO3anditsfactorsbyusing
energy conservation, most R values between O3 and affecting
factors were increased to 0.97 and 0.98 for hourly and daily
averagesinclearsky,0.91and0.97forhourlyanddailyaveragesin




groups, and ߜ less than ±15% was 72 groupswith the ratio of
62.8% (ߜҧ=14.9%, FB=6.4×10Ͳ16, NMSE=0.0197). So, energy
process is a basic process in the atmosphere, and energy



























































































































































































































































Figure 4. (a) The observed and calculatedO3 and their relative biases at





that were probably contributed from the instruments used to
measure pollutant concentrations, radiation and meteorological
parameters, and hypothesis in the model and because of the
limitation in our current knowledge. Photochemical term may
representalmostallUVenergyabsorption,butnotall(somemay
notbe relatedwithOH radicals). IfmainVOCs, suchas isoprene
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the same method as above, and R between O3 term and its
affecting factorswas 0.92. The hourlyO3 in all sky inDecember
were recalculated by new coefficients obtained from 5Ͳmonth
data,thecalculatedandobservedresultsandߜaregiveninFigure
S1 (with some timebreaks). Incomparison,FigureS1also shows




results,which agreedwellwith those observed, and the relative






If larger datasets were used more reliable energy relationships
could be obtained. This is different from the “pure” correlation
analysisthatdependsonnumbers.

The coefficientsBiandB0ofhourlyaverages in clearandall
skies in DBRwere Ͳ0.15, 0.60, Ͳ1.32, 0.001, 0.06, 1.5 and Ͳ0.14,
0.68,Ͳ0.8,Ͳ0.01,0.06,1.3,respectively.Itwasindicatedthatunder
these sky conditions, the relationship betweenO3 term andNO,
NO2,photochemicalandS/Qtermissimilar,andthenegativeand
positivecoefficientsofNO,NO2expressedthedifferentrolesthey
played inC&Preactions (whichagreewith theobservations).The
verysimilarcoefficientsofNO,NO2intwoskyconditionsindicated
that their roles in C&P reactions and their interactionswith O3











O3 shows anonͲlinear increase/decreasewith thedecrease/
increaseofNOinallmonths,biggerO3changeswerecausedbyNO
decreases thanNO increasesat the same changing rate (suchas
0.5 and 1.5). The highest changing rate of O3 with different
changes ofNOwas in July.Generally, the response ofO3 toNO
changewashigherinsummerthaninwinter(seeSM,FigureS2a).

Similarly, a nonͲlinear increase/decrease of O3 with the
increase/decrease of NO2, or water vapor (using water vapor
pressureattheground,eandscatteringfactor(S/Q)wasfoundin








control O3 and photochemical smog is to control the higher




photochemistry. It also reflects the important roles of VOCs
through OH radicals, as VOCs have higher emissions in summer
thaninwinter,especiallyatDBR,asubtropicalforestregion.

O3 shows a similar nonͲlinear increase/decrease with the
increase/decrease of UV in all months. O3 presented similar
changeswhen UV decreases or increases at the same changing
rate.ThehighestchangingrateofO3wasalsoinJulywithdifferent
changesofUV.Generally, the changing rateofO3washigher in















































































The biggest responses of O3 to all factors with different
changing ratioswere in July (summer season), and the smallest
were in December (winter season). For the situation of same
changing rate at differentmonth,O3wasmore sensitive to the
change of NO2 and NO, followed bywater vapor term and S/D
term,andwatervapor termwasmore important thanS/D term,
andfinallyUV.So, itreflectsthatNO2andNO,theO3precursors,
play the primarily important roles in O3 C&P processes; water
vaporandS/D terms, theother substance inC&Pprocessand in
thewholeatmosphere(S/Dcandescribetherelativetotalamount
ofthesubstancesintheatmosphere)apartfromNO2andNO,play
the secondary important roles;andUV the third.But,UVenergy
consumed by all substances in the atmosphere is a chain forO3




the substances, including NO2, NO, e, VOCs, and others in the
atmosphereplaythemostimportantroles.

Forcomparison,FiguresS2f throughS2k (seeSM) showO3
nonͲlinear response to each individual factor from July to
December.ThebiggestchangingrateofO3causedbyeach factor
was at 0.1 (i.e. decreasing 90%) for all months, and the more
evidentO3changeswerecausedbythedecreasesratherthanthe







NO2 increasesby factorsof2,4,8,16,32,64,128,256,and the
valuesofotherparametersremainthesame.WhenNO2increased
tobiggerthanafactorof8,O3changingratesforeachmonthwere
almost thesameas thatNO2 increasedbya factorof4. Itmeans
thatO3C&Pproductionhasasaturationcondition,whichmaybe
causedby the limitationofUVenergyandoxidizingpowerof the
atmosphere,whichdependedondifferentconditionsatdifferent
months or seasons. The highest production ratewas in summer
season,then,decreasedquicklyinautumn,anditwasalmostzero
inwinter.Thisalsoindicatedthatanoxidizingpoweroftheactual
atmosphere was the highest in summer, then, decreased in
autumn and winter, which corresponded to the VOCs emission
pattern (highest in the summer). In addition, an obvious UV
decrease fromsummer towinteralsocontributed to thispattern
ofO3productionratetosomeextent.

O3production rates increasedwith the increasesofe (water
vaporpressure)orUV,wheneachofthemincreasedbyfactorsof
2,4,8,16,32,64,128,256,respectively,andthevaluesofother
parameters remain the same, O3 production rates displayed no
saturationforeachmonth(seeSM,FiguresS2landS2m).Forboth
conditions, the highest production rates ofO3were in July, and
then quickly decreased to the lowest values in winter. So, the
higher e and UV favor producing higher surface O3, and this




saturation for O3 production by NO2 increase in the actual
atmosphere.NO2andUV increasebyafactorof4,64(case1);8,
64 (case 2); and 8, 128 (case 3), respectively, and the other
parameters keep their original values. We can see that O3
productionratehasasaturationstateatastableUV level,but, it




UV increases to different levels and the other parameters keep
their original values, O3 production rate will increase with the
increase ofUV for eachmonth (see SM, Figure S2o), having the
higher production rate in summer. So,O3 saturation points vary
notonlywithNO2,butalsoUVandotherparameters.Therefore,
theempiricalmodelbasedon theenergymethod and fielddata













isevidently smaller (butapositive response) than that inall sky,
which reflects the substances (gases, liquids, particles) in the
atmosphereare in lowerconcentrations inclearsky,andtheirUV
absorption and consumption are smaller. Then,moreUV energy
canbeusedinO3C&Preactionsandmoreatmosphericsubstances
are affecting theO3 formation. But, in all sky, some substances
(such as gases, liquids, particles, and clouds) in the atmosphere
scatterandconsumemuchUVenergyandresultinO3destruction.
Inotherwords,anenhancedscatteringfactor(i.e.theatmospheric
substances) in a clean atmosphere is helpful in catalyzing O3







NO NO2 e S/Q UV
 10% Ͳ10% 10% Ͳ10% 10% Ͳ10% 10% Ͳ10% 10% Ͳ10%
7 Ͳ7.2 8.2 11.2 Ͳ14.8 2.5 Ͳ2.6 0.033 Ͳ0.033 Ͳ1.0 1.0
8 Ͳ5.8 6.3 7.8 Ͳ10.6 1.7 Ͳ1.8 0.028 Ͳ0.029 Ͳ0.8 0.8
10 Ͳ2.6 2.7 1.7 Ͳ2.6 0.9 Ͳ1.0 0.008 Ͳ0.008 Ͳ0.4 0.4
11 Ͳ1.9 2.0 1.0 Ͳ1.6 0.7 Ͳ0.8 0.001 Ͳ0.001 Ͳ0.3 0.3
12 Ͳ2.6 2.9 0.2 Ͳ0.2 0.8 Ͳ0.7 0.080 0.051 Ͳ0.3 0.3















ppb, respectively) and enhancedUV leads toO3depletion. In all
sky, when UV at the surface increases, O3 will increase, which
reflects the situation: sufficient O3 precursors NO and NO2 (the
maximumconcentrationsofhourlyNOandNO2in1998wereupto
3.30 and 19.4 ppb, respectively), and lower biogenic VOCs
emissions,so,theenhancedUVwillresultinO3productionbytheir
integrated action. In addition, the increase of scattered UVwill
makegooduseofUVenergy inO3C&P reactionsand lead toO3
decrease. In DBR, the emissions of NO, NO2, VOCs from
anthropogenic sources canbe assumed at the same level in two
sky conditions. Previous results indicated that the absorption of










etal.,2005),except forS/Q.According to theabovediscussions,
theempiricalmodelbasedonUVenergyconservationcanreflect









It is reasonableandpractical toanalyze the relationshipbetween
O3 and its main affecting factors in actual atmosphere. The
substances (O3 precursors, water vapor, and VOCs) play the
primaryimportantrolesinO3C&Pprocesses,andUVisanenergy
source for initiating and supplying the substances in O3 C&P
processes.O3 ismore sensitive to all factors in summer than in
winterandmoresensitive inclearsky than inallsky.Anefficient



















rateby0.1NO2described in the right coordinate (FigureS2b),O3
changingratecausedbythechangeofwatervaporatDBR(Figure
S2c),O3changingratecausedbythechangeofscatteringfactorat





changing rate causedby the changesof all factors inOctober at
DBR (Figure S2i),O3 changing rate caused by the changes of all
factors inNovemberatDBR (FigureS2j),O3changingratecaused
by thechangesofall factors inDecemberatDBR (FigureS2k),O3
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